Abstract-The acoustic sensitivity of the phase of light propagating in a coated optical fiber is studied for ultrasonic frequencies where the fiber is axially constrained and isotropic. The analysis, which takes into account the exact composition and geometry of multilayer fibers, is utilized to identify coatings compositions which optimize the fiber acoustic sensitivity.
T I. INTRODUCTION HE PRESSURE SENSITIVITY of the
phase of light propagating in a single-mode fiber has been considered in detail by a number of authors [ 11 -[4] interested in the development of fiber interferometric acoustic sensors.
Most of this work has been carried out for. static pressures or low acoustic frequencies where the acoustic wavelength is much larger than any sensing fiber dimension. In this case, the relative change in phase Ad14 due to a pressure change A P is given by
-E, --[(PI1 + P I 2 1 9 + p12 €21
( 1 1 where E, and E,. are the fiber core axial and radial strains resulting from the pressure change AP, and n, PI1, and P12 are the index and elastooptic coefficients of the core, respectively. For this low frequency limit, one can optimize the fiber's acoustic response by controlling the relative magnitude of the axial strain E,. This has in fact been carried out in practice by the use of suitable fiber jackets. For example, compressible plastic jackets cause dramatic increases in e, [2] , [4] , and sensitivities two orders of magnitude higher than that for uncoated fibers have been observed [2] , [5] for fibers coated with these materials. Fiber desensitization has also been demonstrated utilizing hgh modulus coating materials such as metals [ 6 ] - [8] . In this case, the axial strain is substantially decreased and the proper choice of jacket thickness exactly balances the positive axial strain term in (1) against the negative index change term. In this paper, we consider the ultrasonic or'high-frequency response of coated fibers. In particular, we are interested in determining whether similar coating optimization techniques exist for the case of ultrasonic fiber sensors [9] , [lo] . Such sensors have sensitivity, EM1 immunity, and safety advantages over conventional quartz and piezoceramic devices in many applications including nondestructive testing, ultrasonic visualization, medical diagnosis, and ultrasonic microscopy.
For high frequencies, inertial effects do not permit a net axial strain contribution over the sensing fiber element [9] . In this case, optimization of the fiber sensitivity can be achieved only through the radial strain term (second term in (1)). We have studied analytically the fiber sensitivity A@/@AP in order to identify coatings which optimize the ultrasonic sensitivity of axially constrained isotropic fibers. Both single-layer coatings and multilayer coatings are considered.
ANALYSIS
We now proceed to calculate the ultrasonic sensitivity of an axially constrained isotropic fiber.
We assume that the frequency is hgh enough so that inertial effects cause the fiber to be axially constrained but not so high that anisotropic strains are generated in the fiber. The last condition is satisfied when
where A is the wavelength of the acoustic wave and d is the fiber diameter. In the case where A < d, which is not considered in this paper, the ultrasonic wave breaks the near degeneracy of the two orthogonally polarized modes of a single-mode fiber causing the fiber to become birefringent A typical optical fiber is composed of a core, cladding, and a substrate from glasses having similar properties. This glass fiber is then coated with one or more elastomeric materials. To calculate the sensitivity as given in (1) the strain in the core E, must be related to properties of the various layers of the fiber.
The polar stresses a, , oe, and oz in the fiber are related to the strains e,., € 0 , and ez as follows [ 111 :
where i is the layer index (0 for the core, 1 for the cladding, etc.), and X' and pi are the Lam6 parameters [l 11 , which are related to Young's modulus E' and Poisson's ratio vi as follows:
For a cylinder the strains can be obtained from the Lami solutions [ 121 where U',, U', , and W', are constants to be determined. Since the strains must be finite at the center of the core U': =O.
For a fiber with m layers the constants l$, Gi, and Wg in (4) are determined from the boundary conditions U.S. Government work not protected by U.S. copyright VOL. LT-1, NO. 3, SEPTEMBER 1983
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where u f (= JE' dr) is the radial displacement in the ith layer, and ri is the radius of the ith layer. Equations (5) and (6) describe the radial stress and displacement continuity across the boundaries of the layers. Equations (7) and (8) assume that the applied pressure is radially constrained. Using the boundary conditions described by (5)- (8), the constants U i , U i , and W', are determined and E: is calculated from (4).
Then from (l), the sensitivity A@/@AP can be found.
ULTRASONIC SENSITIVITY ENHANCEMENT
As a check on the analytic calculations, we first determined the response of a homogeneous fiber, i.e., one in which all layers have identical parameters. In this case, the radial strain is found to be
in agreement with the results of the paper by Kingsley et al. [9] . It can be shown, however, that
where K and G are the bulk and shear moduli, respectively. From (l), (9), and (10) we find that
Since for most elastomeric materials [I31 , G is much smaller than K , we conclude that for a homogeneous fiber the ultrasonic sensitivity is approximately proportional to the inverse of the bulk modulus.
From (1)- (8) it can be shown that for a fiber with a onelayer coating the sensitivity is given by the following equation:
( 1 2) where
PO, = r o / r l . Here, Ki, Gi, and p i are the bulk modulus, the shear modulus, and the radius, respectively, with i = 0 for the glass fiber and i = 1 for the coating layer.
In order to set limits on the degree of sensitivity enhancement possible with an optimum elastomeric coating, we consider (12) for the thick coating case. In this limit pol + 0 and ( As can be seen from this equation, a coating softer than the glass ( F , > F o ) enhances the sensitivity. However, this enhancement is limited owing to the fact that the bulk modulus of coating materials is always comparable to or higher than their shear modulus. %s can be seen from Fig. 1 where the ultrasonic sensitivity is shown versus various coating shear and bulk moduli for a typical silica waveguide thickness (84-pm OD) and a typical coating thickness (300-pm OD). The solid curves represent realizable materials where K 2 G and the dashed portions the unreasonable cases where K < G. As can be seen from this figure, it appears that sensitivity increases of only about a factor of two are possible. Even in tlvs case, such materials would be hard to identify. The shared area shown in Fig. I maps out the region for most plastics [131, and as can be seen these materials result in sensitivity increases which are less than a factor of two. From this we conclude that substantial enhancement of the sensitivity of conventional fibers is not likely to be achieved by means of fiber coatings.
IV. FIBERS WITH REDUCED ULTRASONIC SENSITIVITY From (13) it
can be seen that coatings harder than glass (F1 < F o ) reduce the fiber sensitivity. This can be also seen from Fig. 2 , where the calculated (from (12)) sensitivity is shown versus shear and bulk moduli of a 200-pm OD coating. As can be seen from this figure, as the shear and bulk moduli increase, the fiber sensitivity decreases rapidly. Modest amounts of desensitization can thus be achieved with either high bulk modulus glasses (shaded area with dots) or high bulk modulus metals (shaded area with horizontal lines).
Increased desensitization of fibers can be obtained by employing more than one coating. In this case, the analytic expression for the sensitivity is too long to be given in this paper. Th.e analysis shows that fibers with a soft inner coating and a harder outer elastomeric coating have less sensitivity than that of a bare fiber. Significant reduction in sensitivity -1 
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tivity is shown as a function of the outer metal thickness for a silicone-coated (100-pm OD) single-mode fiber. The fiber parameters are listed in Table I . As can be seen from Fig. 3 , as the thickness of the hard coating increases, the fiber sensitivity decreases. With intermediate hardness materials, such as lead, substantial desensitization can be achieved only with relatively thick coatings. For harder coating materials (e.g., Ni) even small thicknesses result in significant desensitization. For example, a 1-and a 40-pm thick nickel coating would reduce the fiber sensitivity by a factor of 2 and 2 5 , respectively.
V. CONCLUSION
In summary, we have shown that in the ultrasonic region, it is not possible t o significantly increase the sensitivity by means of coating conventional fibers. This is in contrast to the case for lower acoustic frequencies.
Desensitization of conventional fibers, however, is possible by means of suitable coatings. In general, fibers coated first with a soft elastomer and then with a hard material can result in a substantial reduction in ultrasonic sensitivity. (Table I) jacketed with a 100-hm silicone and an outer hard coating (lead, aluminum, and nickel).
is obtained when a typical fiber is coated first with a low bulk modulus material, such as silicone, surrounded by a high bulk modulus coating, such as nickel. A physical explanation for the reduced sensitivity of such a fiber with an inner soft coating and an outer hard coating can be given as follows. A radial pressure applied to the fiber will produce a relatively small radial strain in the outer hard coating due to its high bulk modulus. This small radial compression of the outer jacket results in a comparatively small strain in the soft inner coating. This in turn will communicate a very small pressure to the fiber core due to the high compressibility of the soft coating. This can be also seen from Fig. 3 , where the calculated sensi- , acoustic, electric and magnetic fields, pressure, strain rotation, and displacement. They have been reviewed extensively in [ l ] and [2] . Optical-fiber sensors are of advantage for remote measurements in environments which are hazardous or which suffer from severe electromagnetic interference or where space and weight are restricted. Sensors consisting entirely of optical fibers can be considerably more rugged than bulk transducers and although the sensitivity of glasses to external influences is usually lower than that of suitable crystals, this may often be compensated by the longer path lengths available in fibers. Optical-fiber sensors presented to date modify either the intensity, the phase, the state-of-polarization, or the time-offlight of the light traveling in the fiber [ l ] , [2]. Elaborate techniques have been employed, especially in the case of the gyroscope [ 11 , to reduce the transducer's sensitivity to factors other than that to be measured. In most cases, the measured value refers either to a specific location in space or to some form of average of the sensed quantity over the entire length of fiber sensor [3] , [4] . It is then not possible to gain information about the spatial distribution of the measured value without resorting to multiple sensors.
In the present paper, a new class of fiber-optic sensors is proposed which are able to monitor the physical quantity of interest at many points along the fiber simultaneously. The sensors are based on optical time-domain reflectometry (OTDR) in specially designed fibers. OTDR is a well-known [ 6 ] , [7] technique for obse'rving length-dependent changes in fiber parameters [8] - [12] . In order to use this technique in a fiber sensor, the fiber must be designed in such a way that 0733-8724/83/0900-0498$01 .OO 0 1983 IEEE
